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Introduction

INTRODUCTION
Bacillus subtilis is a well-characterized microbial cell factory and is widely used in the production of a variety of proteins for commercial and medical applications [1] [2] [3] [4] . Improving the production potential of this classic chassis has been a research focus for several decades. Numerous engineering and biotechnological approaches have been employed in attempts to enhance production yields in industrial strains, for instance by utilizing modifi ed promoters and RBSs, codon-optimization, pathway rerouting or gene disruption [5] [6] [7] . However, although remarkable progress has been made in improving the protein overproduction capacity of B. subtilis, the space for traditional techniques or strategies to further improve this host organism's productivity is increasingly limited.
In nature, the intracellular distribution of various resources in healthy cells has been 'optimized' by natural evolution over very long periods of time [8] . Introducing an overexpression pathway for heterologous proteins into an engineered organism requires a large proportion of the host cell's resources, including ATP, carbohydrates and amino acids. This imposed metabolic drain has been defi ned as 'metabolic burden' or 'metabolic load' [9] . In this case, the vast majority of the intracellular metabolic fl uxes, including energy resources such as NAD(P) H and ATP and carbon/nitrogen/oxygen building blocks, are forcibly assigned towards the heterologous product biosynthesis [10] . The essential requirements for cellular maintenance, in turn, become imbalanced and insuffi cient in the engineered microbes [11] . Therefore, the biosynthetic yield of the expressed target product will remain at a relatively low level [10, 12] , or even suddenly drop into the 'death valley' (minimal production level) on a 'cliff' under suboptimal growth conditions [8] . Hence, the strategy to reduce the metabolic burden in a microbial host by enhancing the uptake of required nutrients and balancing heterologous and native metabolic fl ux demands, could potentially benefi t the robust production of large quantities of the target product.
In B. subtilis, the molecular mechanisms of nutrient-sensing based central metabolic regulations have become increasingly clear. Two global regulatory proteins, CodY and CcpA, behave as a repressor or inducer of gene expression by specifi cally binding to consensus sequences located in or near the promoter region of targets [13] [14] [15] . These two regulators and their ligands (FBP, GTP, and BCAAs) [16] function together to orchestrate regulons that balance the use of available nutrients sources. Thus, they systemically coordinate the intracellular carbon and nitrogen fl uxes and contribute to cell homeostasis by stimulating specifi c cellular processes [17, 18] . Prior studies showed that global transcription machinery engineering (gTME) elicits a global alteration at the transcriptional level that perturbs the expression of multiple proteins simultaneously, which allows acquisition and selection of phenotypes of interest from a broad library [19, 20] . Some global transcription machinery components, such as sigma factors in bacteria [19, 21] , zinc fi nger-containing artifi cial transcription factors [22] , and Spt15 in yeast [23] were randomly mutagenized for generating phenotypes of biotechnological interest, including improved production capacities and strain tolerance towards elevated end-product levels. We thus hypothesized this strategy could be exploited to rewire the nitrogen and carbon metabolic fl ux distributions and to optimize nutrient uptake and utilization in B. subtilis at the whole-cell level to gain enhanced protein production traits by specifi c adjustments of the activity of CodY and
CcpA. In addition, this study allows for gaining further insights into the interaction between CodY and CcpA by the analysis of the globally rewired nitrogen and carbon metabolic networks.
RESULTS
Construction of randomly mutagenized CodY libraries
The master transcriptional regulator CodY controls hundreds of genes in a large regulon, the products of which are mainly linked to nitrogen metabolism. More specifi cally, CodY senses the intracellular levels of BCAAs and GTP and represses or activates the transcription of nitrogen metabolic network related genes to trigger varying metabolic effects by binding to consensus function sites called the CodY box [16] . Therefore, any alteration of the CodY amino acid sequence can potentially reprogram the downstream metabolic fl uxes and thus infl uence the production of heterologous proteins. To create a tunable overexpression system, we introduced an expression cassette containing the heterologous β-galactosidase encoding gene (lacZ) into an IPTG inducible system. The resulting construct Physpank-lacZ was chromosomally integrated into the mdr locus of B. subtilis 168 to obtain the reporter strain B. subtilis 168_β-gal ( Fig. 1A) .
To construct the mutant libraries of CodY, a specifi c integration vector for transporting different versions of codY into its native locus was made by USER cloning method [24] . The obtained plasmid (pJV54), which consists of ~1k bp fl anking regions, an antibiotic resistance marker and a pUC18 backbone, was applied as the template for mutagenesis experiments. First, the pJV54 was utilized as the cloning template for random mutagenesis experiments. The GeneMorph II Random Mutagenesis Kit (Agilent Technologies, United States) was applied to achieve the desired mutation rate (low-, medium-, high-) for three mutant libraries according to the manufacturer's indications ( Fig. 2A) . The mutagenized codYs were subsequently cloned into the previous integration vector and transformed into competent E. coli. In this way, three pools of randomly mutated codY genes with different mutation frequencies (1-4.5, 4.5-9, troduced into the Physpank-lacZ integrated reporter strain via double homologous recombination, thereby various mutagenized versions of codY replaced the wild-type codY gene ( Fig. 1B) .
Correct integration was tested by colony PCR and confi rmed by
sequencing. In total, three independent CodY mutant libraries with a respective size of more than 5,000 cells were established.
The CodY -(codY::cmr) were also constructed in a similar way.
Selection of CodY mutants with increased capacity of β-galactosidase production
From isolates with a widely varying protein production potential, protein overproducing candidates were selected based on an increase in β-galactosidase activity (Fig. 2B) . The blackwhite screening was performed on transparent SMM plates, which allowed direct benchmarking of the color intensity and monitoring of the colony size. Phenotypes with increased β-galactosidase activity were selected out of a total of over 15,000 CodY mutant candidates, and the β-galactosidase production yields were quantifi ed by colorimetric assays. B. subtilis mutants with higher reporter enzyme production originated from the low mutation frequency library (1-4.5 mutations/kb), indicating that libraries with more than 4.5 mutations/kb have a higher probability of harboring phenotypic variations that negatively affect the biosynthesis of the reporter protein. Finally, the selected four CodY mutant phenotypes outperformed the WT and CodYby producing signifi cantly more enzyme using as media LB supplemented with 1.0% glucose. Under The genes for the mutated CodY* and CcpA* proteins are under the regulation of their native promoters after integration into the chromosome and replacement of the WT genes. Table 1 . Mutation frequency of each library in B. subtilis. The mutation frequency can be determined by the amount of template and the PCR cycle numbers. The fi nal results was verifi ed by DNA sequencing, and the numbers of nucleotides changed per 1,000 base pair of target DNA were calculated.
Library
Mutation rate (mutations/1 kb)
CcpA -low 1-4.5
wildtype codY gene ( Fig. 2C) . On the other hand, sequencing analysis illustrated that all the higher β-gal producers possessed at least one amino acid substitution in the DNA-binding domain. In M4, M13, and M17, only the single mutations A203T, K248I, and R214C were detected, respectively, while M19 carried the HTH domain mutation R209H next to the amino acid exchanges E58A and I162V (Fig. 2D) . Hence, we showed that the gTME approach coupled to an enzymatic protein production capacity screen could be successfully applied in B. subtilis and the specifi c mutations within the DNA binding domain of CodY resulted in a signifi cantly increased product yield of the heterologous protein β-galactosidase.
CodY variants lead to different genetic competence levels
Genetic competence is a well-defi ned cellular state in B. subtilis 168 when the nutrients are depleted. Transcription factor
ComK activates the expression of late competence genes and causes the entry into the competent state, allowing the cells to Phenotypes with a dark color and big size were isolated and further analyzed.
(C) Mutation in CodY leads to phenotypes with higher β-galactosidase
production. Cells were grown in LB media supplemented with 1.0% glucose. 
Screening gTME libraries of CcpA in the two CodY mutants M17 and M19
To explore whether the production potential of the previously engineered expression hosts could be further improved, we additionally reprogrammed the carbon metabolic network in the two CodY mutants by random mutagenesis of the transcriptional regulator CcpA. A ccpA* library with 1-4.5 mutations/kb mutation frequency was constructed ( Table 1 ) and integrated into the chromosome of M17 and M19 to obtain two libraries, M17 (ccpA*) and M19 (ccpA*). Subsequently, CcpA mutant strains were selected from each library by the black-white screening based on their higher β-galactosidase product yields.
The two best performing phenotypes from the two different libraries showed the same amino acid exchange, T19S, in the DNA-binding HTH motif of CcpA (Fig. 4A) . To further verify the infl uence of the single amino acid substitution T19S and to rule out the possibility of acquisition of additional (compensatory) mutations, we performed site-directed mutagenesis of ccpA to introduce the mutation T19S in different background strains, thereby obtaining the mutants CcpA T19S and M17CcpA T19S . Since then, the M17 and M17CcpA T19S were renamed as CodY R214C and CodY R214C CcpA T19S in the following analyses. In comparison to the parental WT control strain 168_β-gal, all transcription factor mutants showed signifi cantly increased β-gal activities (Fig. 4B) .
We observed that the defi ciency of CcpA and/or CodY, which was introduced by gene knockouts, could already improve the βgalactosidase yield by 10-20% than that of WT strain. However, in the single mutants CodY R214C and CcpA T19S , the respective production of the target enzyme was increased to 152% and 140%
relative to the WT. This indicates that single mutations in the DNA-interacting HTH domains of the global transcriptional regulators, rather than complete gene knockouts, were advantageous. Moreover, these production advantages were synergistic when the codY and ccpA mutations were combined in one strain, because heterologous protein production was enhanced to 290% in the double mutant CodY R214C CcpA T19S .
The production improvement in the genetically modifi ed cell factory is achieved for various proteins
Theoretically, this tailor-made system offers potential to overexpress any heterologous protein by achieving multiple and simultaneous perturbations of the whole transcriptome and metabolome. Next to the model protein β-galactosidase, we also managed to overproduce additional heterologous proteins in the transcription factor mutant. In line with the results presented above, a signifi cant increase of GFP (89%), XynA (xylanase protein from B. subtilis) (more than 11-fold) and PepP (aminopeptidase P from Lactococcus lactis) (80%) production could be achieved in CodY R214C CcpA T19S relative to the WT host ( Fig. 5) .
This demonstrates that productivity improvement in the genetically modifi ed cell factory is true for various proteins, although
DISCUSSION
To date, great progress has been achieved for heterologous protein production in B. subtilis by modifying the pathway regulatory elements, such as gene copy number, promoters, ribosome binding sites (RBSs), and terminators [7] . These genetic engineering strategies have mainly focused on the regional modifi cation of specifi c rate-limiting factors or steps, while multiple genetic modifi cations, which show improved capacity to elicit phenotypes of interest, has rarely been explored. In recent years, the fast accumulation of genetic information in regulatory mechanisms and advances in genome-editing and -omics techniques provided novel engineering tools and strategies for fi ne-tuning metabolic pathways. An approach termed gTME (global transcription machinery engineering), which focuses on the increase of end-products by rerouting metabolic fl uxes at a global level, can remarkably simplify the strain enhancement design even without a thorough understanding of the underlying metabolic regulatory mechanisms [29, 30] .
In this study, we developed a combinatorial system involving random mutagenesis and high-throughput selection, which outperform the traditional approaches in expanding the engineering scale from the local pathway to the global metabolic networks [20] . The gTME-based tool demonstrated to effec- were added in growth media as described previously [36] . The plasmids and strains included in this work are listed in Table 2 .
MATERIALS AND METHODS
Plasmids, bacterial strains, and media reagents
DNA manipulation
Procedures for PCR, DNA purifi cation, restriction, ligation and genetic transformation of E. coli and B. subtilis were carried out as described before [37, 38] . Pfu x 7 DNA polymerase [39] was a kind gift from Bert Poolman, and the USER enzyme was purchased from New England Biolabs. All FastDigest restriction Table 3 , which were synthesized by Biolegio (Nijmegen, Netherlands). Sequencing of all our constructs was performed at MacroGen (Amsterdam, Netherlands).
Black-white screening
All transformants of B. subtilis mutant libraries were scraped off the LB agar plates with appropriate antibiotic(s) and collected into one fl ask with fresh LB liquid media. After 37 °C overnight incubation, the culture was serially diluted and plated on selective agar media -Spizizen's minimal media (SMM) [40] supplemented with 1.0% glucose, 0.1 mM Isopropyl β-D-1thiogalactopyranoside (IPTG), 300 mg/l of S-gal and 500 mg/l of ferric ammonium citrate for black-white screening. After 20 h of incubation at 37 °C, colonies were isolated from the plates based on the color intensity and morphology, followed by sequence analysis and enzymatic assays (Fig. 6 ).
Site-directed mutagenesis
Site-directed mutagenesis of ccpA was processed to get the clean mutation site T19S in amino acids sequence, and it was performed using overlap PCR, the previously constructed vector pCH3 was used as the template for allelic exchange [41] .
All plasmids were introduced into B. subtilis reporter strain 168_β-gal and two CodY mutants (M17 and M19) by transformation after passaging through E. coli strain MC1061, sequences were verifi ed as before. The primers were designed via the website: http://bioinformatics.org/primerx/.
(OD600 of 1.0). The cultures (1 ml) were immediately harvested and frozen in liquid nitrogen. The pellet was processed for βgalactosidase quantitation as previously described [42] . The α-amylase activity was assessed as previously described, and the fi nal amylase activity was calculated by the Ceralpha Unit [36] . Each assay was performed in duplicate, and the mean value from three independent experiments was calculated.
Microplate experiments
We used a GFP fusion under the control of the comG promoter corrected for the background of the media by the following formula: (GFPreporter-GFPmedia)/(ODreporter-ODmedia) [43] .
Western blotting
We grew the strains overnight in LB media supplemented with 1.0% glucose, the cultures were diluted in fresh media and incubated for overnight. Next morning, 5 ml cells were collected by centrifugation (14,000 rpm, 5 min), the pellets were resuspended in 1 ml solution A [50 mM Tris·Cl (pH 7.5), 5% (vol/vol) glycerol, and 1 mM PMSF] and broken by sonication for 2 min using 70% amplitude with 10-s bursts, with 10-s pauses between 85 3 bursts. After centrifugation (14,000 rpm, 5 min) the supernatant was transferred to a clean tube. 15 μl of total protein was heated for 5 min at 95 °C before loading on a 12% SDS-PAGE gel.
After the proteins were separated by electrophoresis, the proteins were transferred to a PVDF membrane (80 mA, 90 min).
The PVDF membrane was incubated in PBST + 5% (w/v) BSA at 4 °C overnight. Next morning, the membrane was washed three times 10 min with PBST and subsequently incubated at room temperature for 2 hours in PBST + 5% BSA + 1: 10,000 dilution of anti-Histag antibody. The membrane was again washed three times 10 min with PBST and then incubated 1.5 hours in PBST + donkey anti-rabbit IgG-horseradish peroxidase at room temperature. Then the membrane was washed two times 10 min with MQ and two times 10 min with PBST. 1 ml of ECL detection Reagent (GEHealth care) and the Molecular Imager ChemiDoc XRS+ (BioRad) were used for signal visualization.
Flow cytometry
All the strains were streaked on LB agar plates with spec antibiotic, and the single colonies were picked up and grown overnight in LB supplemented with 1.0% glucose and 0.1 mM IPTG at 37 °C, 220 rpm. Next morning, cultures were diluted 20 times in phosphate buffered saline (PBS) and directly measured on the Becton Dickinson FACSCanto (BD BioSciences, USA) with an argon laser (488 nm) [44] . For each sample, the green fl uorescent signals of 50,000 cells were collected by a FITC fi lter. All the captured data was further analyzed using Flowing Software (http://www.fl owingsoftware.com/).
